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Abstract
A 150 kJ high temperature superconducting magnetic energy storage (HTS-SMES) system is under manufacturing in China. This 
paper focuses on the structural design and analysis of the SMES cryogenic system. The cryogenic system is designed and 
fabricated to maintain the working temperature. The system includes a vacuum vessel, its thermal radiation shield, its supporting 
devices, conduction plates, and current leads. Two G-M cryocoolers are used for the system cooling, the main one is connected to 
the HTS coils and the other is connected to the thermal shield and the lower ends of the current leads. In this study, the 3D
models of the SMES cryogenic system were created with CATIA, a 3D model design software, and the analysis of the SMES 
cryogenic system was done by ANSYS. The mechanical analysis results on the vacuum vessel, suspension devices and 
supporting devices are presented, particularly the analyses on suspenders and shelf supports are of vital importance since the 
finished SMES system should meet vehicle-mounted requirements in long time transport. The heat load and the temperature 
distribution of the thermal shield were analyzed. A cooling experiment of the cryogenic system was made and the thermal shield
was cooled down to about 50 K.
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1. Introduction
The high temperature superconducting magnetic energy storage (HTS-SMES) is one of very few direct electrical 
energy storage systems. Kim (2006) concluded that the systems had a fast charging and discharging characteristics 
of a few seconds, operation simplification, environment friendly nature, and small installation space requirement.
A SMES system mainly consists of a superconducting coil, the main controller, the transformer or converter, 
quench protection system, cryogenic cooling system and other components. The cryogenic cooling system cools the 
superconducting coil below the critical temperature to maintain the superconducting state of the coil and store the 
energy without loss. Traditionally, Ishiyama (2005) believed that cryogenic cooling systems used expensive liquid 
helium as coolant, but this structure was very complicated, and required supply of liquid helium during operation. In 
recent years, with the development of high-temperature superconducting materials and GM refrigerator technology, 
cryogenic cooling systems are mostly using GM refrigerator to cool magnets. Yeom (2007) had also shown that 
conduction cooling was a method of directly and indirectly making cryocooler head connect with the 
superconducting magnet. Compared to the traditional way, there are many advantages. First, it doesn’t need to use 
liquid helium circulation to cool the magnet without a vapor recovery system. Second, the magnet is just placed in a 
vacuum chamber because of no liquid helium circulation. Last, it is to avoid the cryogenic liquid to evaporate 
suddenly once the magnet quench. Although it is very simple for the structure, it requires elementary technologies 
such as cryostat insulation and high vacuum technology, low heat structure design technology, heat load analysis 
technology and HTS current leads cooling technology.
The 150 kJ HTS-SMES system is under development in China. A SMES cryogenic system should be designed to 
provide the higher cooling capacity due to increasing of heat load. In this paper, 3D models of the SMES cryogenic 
system were generated by CATIA, a 3D model design software, and the analysis of the SMES cryogenic system was 
done by ANSYS, a finite element model software. Structural analysis of the HTS SMES cryogenic system was 
presented to evaluate the mechanical performance and the thermal property.
2. Structural design
The cryogenic system for the 150 kJ HTS-SMES includes 2 GM cryocoolers to maintain the working 
temperature. One is a two-stage cooler, the first stage allows to cool a thermal radiation shield, upper parts of current 
leads by conduction plates and weaved wires, the second stage allows to cool of lower parts of current leads. The 
other is a single-stage cooler cooling down the HTS coils. The whole cryogenic system as shown in Fig. 1 includes a 
vacuum vessel, a thermal radiation shield, suspension and supporting devices, conduction cooling components and 
so on. 
The vacuum vessel (VV), as a component of vital importance, consists of an upper blind flange, a connected 
flange, a middle barrel and a lower shell cover. The VV is evacuated by a high pumping system to reduce heat loads 
of the magnet system and the thermal radiation shield in the vacuum environment. The thermal radiation shield is 
wrapped in layers of aluminum foil and nylon mesh alternately and its design temperature is lower than 77 K.
     
Fig. 1. Structure of the SMES cryogenic system.
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Four suspension devices are installed on an inner surface of the upper blind flange to lift the magnet and the 
shield by four suspenders, respectively. Simultaneously the magnet and the shield are fastened to shelf supports by 
eight supporting bars so as to avoid their transverse movements in the long time transport and to ensure the magnet 
safety.
HTS coils are cooled by a GM cryocooler (Cryomech AL325, 65 W @ 20 K) by connecting to the cooler single 
cold head with weaved wires so as to reduce cooler vibration. The thermal radiation shield is connected to the first 
stage cold head of the other GM cooler (Sumitomo CH210, 110 W @ 70 K). High temperature segments of current 
leads are also cooled by the first stage of the CH210 cryocooler and low temperature segments are refrigerated by 
the second stage (6 W @ 20 K) using flexible connections. Such a cooling structure minimizes the cooling path to 
increase cooling efficiency.
     Table 1. Main parameters about the vacuum vessel and the thermal shield.
Object Item Parameters
Vacuum Vessel
height 1284 mm
outer diameter 900 mm
barrel thinness 5 mm
helium leak tightness <1.0 u 10 -8 Pa.m3s-1
operation pressure <1.0 u 10-3 Pa
Thermal Shield
height 520 mm
outer diameter 658 mm
thinness 3 mm
operation temperature 77 K
3. Mechanical analysis
The 150 kJ SMES system was designed and analyzed based on the vehicle-mounted condition. The mechanical 
performances of the vital components (the vacuum vessel, suspension devices and shelf supports) are crucial to 
satisfy requirements of long time transport on the highway.
3.1. Vacuum vessel
The objective of the simulation is to evaluate the mechanical properties of the vacuum vessel (VV) of the 150 kJ 
SMES cryogenic system. The structure and parameters of the VV are shown in Fig. 1 and Table 1. Botij (2007)
reported the numerical model of the VV comprised not only the VV body but also detail features so as to perform a 
better simulation of the VV boundary conditions. The VV model has been conducted applying the following loads: 
(a) external pressure 0.1 MPa on the outer surfaces of the middle barrel, upper flange and lower shell cover, (b) 
external force 3000 N with the vertical direction on the upper surface of the upper blind flange, considering that the 
self-weight of the magnet (about 300 kg) is suspended with four suspenders on the lower surface of the blind flange, 
(c) self-gravity, (d) fixed supports on four surfaces of the four base plates. The maximum equivalent stress is about 
41.46 MPa on the lap joint of the lower shell cover and the maximum total deformation is about 0.35 mm on the 
middle location of the upper blind flange. The material properties were evaluated from ASME Boiler and Pressure 
Vessel Code, Section II, part D. The allowable stress limit for SS 304 was found to be more than 126 MPa. And 
apparently it can be assured that the stress distribution shown meets ASME criteria for elastic stress analysis. 
3.2. Suspension devices
Four suspenders are crucial to suspend the magnet system from the top flange and simulations have been 
conducted to estimate their mechanical behavior on the vertical direction during travel. The suspenders are
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supports on head face of one cylindrical pipe, (b) pre-stress 1500 N on the end face of the pipe. Considering that the 
self-weight of the magnet is about 3000 N and the maximum acceleration of the device is 1 g (9.8 m.s-2) on the 
vertical direction during the transport, a total force equal to 6000 N is loaded on the four suspenders. The maximum 
equivalent stress value, 28.34 MPa, is located in the outer edge of the head face of the suspender. 
Fig. 2.  Six modes analysis with pre-stress on the suspender.
Modal analysis with pre-stress was calculated on the suspender. Fig. 2 shows total deformations of six modes 
analysis with pre-stress on the suspender, and frequencies on the six modes are 0.22 Hz, 0.22 Hz, 1.34 Hz, 1.34 Hz, 
2.69 Hz, 3.55 Hz, 3.55 Hz and 4.34 Hz, respectively. Pieters (2007) discovered that the frequency of the vibration 
response is approximate 10 Hz to 30 Hz for the component that is supposed to be loaded on a truck and transported 
by road. The low-order frequencies are much lower than 10 Hz and the suspender will not resonate. Therefore, 
results from a modal analysis can show that the mechanical property and four suspenders satisfy the design 
requirements about vibrations of the magnet on the vertical direction.
3.3. Shelf supports
Shelf supports are applied to fasten the magnet by eight supporting bars to avoid transverse shakiness on the 
horizontal direction in the long time transport. Considering that the acceleration is less than 5 m.s-2 in a horizontal 
direction on the condition of normal highway transportation, so the total loads of 1500 N have been applied to the 
simulation of the shelf supports. Fig. 3(a) shows the loads and supports are used on the transportation structural 
analysis. Fig. 3(b) shows the maximum total deformation is 0.77 mm on the near bottom of the applied shelf. It is 
conservatively considered that the maximum total deformation of less than 1 mm on the conditions should be 
acceptable to ensure the magnet safety.
1st Mode
2nd Mode 3rd Mode
4th Mode 5th Mode 6th Mode
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Fig. 3. (a) loads and supports of shelf supports; (b) total deformation of shelf supports.
4. Thermal analysis
4.1. Theoretical simulation
The theoretical calculation on the heat load of the thermal shield was 22.7 W considering convection due to 
residual gas, conduction with suspension devices and radiation. Assuming that multilayer insulations were not used 
to decrease the radiation heat load of the shield, the total heat load was 44.7 W. According to the Hong’s (2008)
simulation, seven levels of heat load (15, 20, 22.7, 25, 30, 35, 40, 45 W) were used as the condition for temperature 
distribution and thermal stress analysis.
Fig. 4(a) shows an analysis model was made of the whole radiation shield and nine location points were labeled 
on the surface of the shield. The thermal and mechanical properties of copper (OFHC) quote from NIST (2014).
Assuming insertions of indium sheets between the conduction junctions, 120 W/ (mK) was used as the thermal 
conductivity for the contact resistance. So temperature distribution of the shield was calculated using the analysis 
model, heat loads were applied to the outside surface of the model and the temperature (T1) was uniform and 
constant at the upper surface of the main conduction cooling plate. And then the thermal stress was calculated using 
the temperature obtained from the conduction heat transfer analysis as the input value.
Fig. 4.  (a) location points on the analysis model; (b) temperatures of nine location points with different heat loads
a b
a b
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The simulation on the temperature distribution on the shield was carried out in steady state. Fig. 4(b) shows that 
the temperatures of nine location points on the shield surface with different heat loads (15, 20, 22.7, 25, 30, 35, 40, 
45 W). It also indicates that the highest temperature point was at the bottom right due to its distance away from the 
conduction cooling plate.
Maximum temperature differences of the conduction cooling system are 11.5 K, 15.3 K, 17.4 K, 19.2 K, 23.0 K, 
26.8 K, 30.7 K and 34.5 K at the different heat loads in steady state. The maximum stress was generated in the joint 
where the upper circular plate was connected to the middle barrel of the thermal shield. Supposing the heat load was 
up to 45 W and the temperature (T1) was 34 K, the highest temperature of the thermal shield was about 68.5 K, 
which was less than the design temperature, the maximum thermal stress was approximate 7.5 MPa. This was 
VLJQLILFDQWO\ OHVV WKDQ WKH \LHOG VWUHVV ıy) of the shield material. So the thermal shield of the cryogenic system 
satisfies requirements in both aspects of design temperature and structural safety.
4.2. Test results
The thermal shield was installed and cooled by the first stage cool head of the CH-210 GM cooler and 
temperatures of nine location points were monitored by an industrial personal computer using nine temperature 
sensors. Fig. 5(a) shows that the variations of temperatures are at the nine location points on the surface of the 
thermal shield and they are almost constant after the cooler operation of around 26 hours.
Fig. 5. (a) temperature variation of the nine location points on the shield surface; (b) comparison between test results and computational results.
Based on the cooling experiment, the temperature different between location points 1 and 2 is 4.3 K when all of 
the measured temperatures are almost constant, the head load of the thermal shield can be calculated and the 
experimental value was 21.7 W (1120h0.25/0.055×4.252), considering to the thermal conductivity and dimensions 
of the flexible connections. The theoretical calculation value of 22.7 W is a little bigger than the experimental value.
Fig. 5(b) shows all the temperatures on the nine points are compared between test results and computational 
results at the load of 22.7 W. It indicates that the maximum different temperature of the experimental was almost 
coincident with that of the simulation from the view point of engineering. Therefore, it is reliable for the conduction 
cooling system of the thermal shield to be designed and analyzed by this method.
5. Conclusion
Mechanical analysis and thermal analysis were performed to evaluate the performance of the cryogenic system 
for the 150 kJ HTS SMES.
The analysis results of the cryogenic systems indicate that the supporting structure designed satisfies the vehicle-
mounted requirement on the vertical direction and horizontal direction. And the test results show that the thermal 
shield can operate under temperature of 50 K with the heat load of 21.7 W on normal conditions.
a b
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